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Abstract 
In the present work the relationship between deformation and deformation induced surface roughness of 100 micron thick annealed AISI 304 
stainless steel was investigated at the meso scale.  This work is a continuation of the previous work by the authors where roughness values were 
determined at the apex of the bulge test samples at micro scale. The apex is believed to be the region of highest stress and strain in a typical bulge 
process in a circular die. The material was deformed using a biaxial bulge test through hydraulic fluid pressure. The strains on the workpieces 
were measured with respect to the forming pressure. The surface roughness was measured by scanning the interior (concave) area of bulge with 
Bruker GTK-17 optical profilometer over an area of 1.3mm x 1mm. The results show linear relationship between roughness and deformation 
strain, and it establish a similar trend with roughness measured at micro scale. 
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1. Introduction 
Hydroforming is a cost-effective metal forming operation 
that uses a pressurized fluid to hydrostatically deform materials 
into desired a shape or form. Generally, micro scale forming 
encompasses production processes where at least two of the 
dimensions are in the submillimeter range [1-3], and micro 
hydroforming is one technique that has gained traction in the 
manufacturing of micro scale devices in recent years [4-7]. In 
the present work, the relationship between the deformation 
strain and deformation induced surface roughness was 
investigated at a meso scale level. For small scale applications, 
surface roughness becomes very important in situations where 
contacting parts are involved it affects surface characteristics 
such as wear resistance and resistivity of materials. Grain size, 
anisotropy, initial roughness, state of stress, inclusions, crystal 
structures, and effective deformation are some of the factors 
that are known to determine surface roughness of metallic parts 
[8]. Microscale roughness in micro-scale hydroforming was 
investigated by Olayinka et al. [9]. They scanned the apex of 
the bulge of hydroformed 200 micro thick stainless steel using 
atomic force microscope at microscale. They observed that a 
linear relationship can be established between the strain and the 
surface roughness. Timoshevscii et al. [10] investigated the 
effect of atomic scale surface roughness on conductivity of very 
thin copper foil. They found that small roughness of only few 
atoms resulted in about 30-40% reduction of the electrical 
conductivity. They attributed this reduction to intersheet 
electron scattering at the Fermi surface, which is the result of 
roughness. The effect of size effect phenomenon on the surface 
roughness has been studied by Meng et al. [11,12] who 
concluded that the ratio of free surface roughening increases as 
the thickness decreases. In their study, Raabe et al.[13, 14] 
attributed the cause of roughness to grain boundary 
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that are known to determine surface roughness of metallic parts 
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surface roughness. Timoshevscii et al. [10] investigated the 
effect of atomic scale surface roughness on conductivity of very 
thin copper foil. They found that small roughness of only few 
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conductivity. They attributed this reduction to intersheet 
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roughness. The effect of size effect phenomenon on the surface 
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disorientation or mismatched hardness of neighboring grains. 
LSDYNA incorporated with a rate dependent crystal plasticity 
model was used by Rossiter et al. [15] to analyze some selected 
FCC metals. They found that the surface roughness shows a 
direct relationship to the difference in strain accommodating 
capabilities in different orientations within a polycrystal 
aggregate. The roles of Taylor’s factor, grain boundary 
misorientation, large Schmidt factors, grain sizes, coincidental 
lattice orientation, and local grain break ups in the deformation 
induced surface roughness of polycrystalline aluminium 
AA6602 were studied by Stoudt et al.  [16]. They found that the 
concentration of the largest surface displacement was observed 
in regions where there are large differences between the 
Taylor’s factors and individual grains.  
Forming sheet metals into different desired shapes through 
various forming methods is through plastic deformation. When 
plastic deformation occurs, changes do not just occur in the 
macroscale shape or sizes but there are also changes in the 
microscale and the atomic level of the metal [17]. The 
microscopic constituents of such metals could be in the form of 
defects such as imperfection, inclusions, and voids. Plastic 
deformation occurs through slipping of atoms along an 
identified crystal planes in a specified crystal structure. This 
slipping occurs through the linear movement of the lattice 
defects referred to as dislocations. Grain boundaries, internal 
defects and surface irregularities serve as formation sites for 
dislocations during deformation. Grain boundaries separate 
crystals from each other, they are produced during 
solidification of metals, and their orientation is chaotic, this 
allows them to impede the movement of dislocations [18,19]. 
These slips are determined by the crystal structures. The motion 
of the dislocation transports atoms from one equilibrium 
position to another. The microstructure of metal is known to 
evolve with increasing strain and is believed to result in changes 
in micro surface roughness of the metallic material [16, 20]. 
The understanding of these behaviors of metals are very 
important in the study of plastic deformation induced roughness 
in metallic materials. It will also play a very important role 
during fabrication of metallic parts especially in the microscale 
and mesoscale.  
The primary goal of this research is to investigate 
formability of annealed AISI 304 for application in bipolar 
plates for proton exchange membrane fuel cells (PEMFC). One 
of the major challenges encountered in the development of 
metallic bipolar plates for PEMFC has been to determine how 
to improve the quality and durability while reducing the cost of 
manufacturing. It has been reported that fabrication technique 
considerably impacts on the cost of bipolar plates 
manufacturing [21]. In their previous work [9] the authors 
established relationship between formability and surface 
roughness at microscale level. The present work studies the 
effects of the hydroforming manufacturing technique on the 
relationship between plastic deformation and macroscale 
surface roughness in a  0.1mmthick annealed AISI 304 stainless 
steel using bulge testing method. Surface roughness is a very 
important factor for the functionality of metallic bipolar plates 
as it affects conductivity (electrical and thermal), water 
management, and corrosion characteristics of a bipolar plate. 
This work will provide insight into applications that involve 
micro to macro scale contact such as the interaction between 
bipolar plates and gas diffusion layers in a typical proton 
exchange membrane fuel cell (PEMFC) because the actual 
microscopic contacts are made between asperities of the 
contacting surfaces. Likewise, this current project is also valid 
for other micro flow channeling applications such as  medical 
devices and micro heat exchangers.  
2. 1 Materials 
The material chosen for this study is 100 µm thick annealed 
AISI 304 stainless steel (Brown Metals Company, USA). AISI 
304 stainless steel is an austenitic stainless steel with FCC 
crystal structure. Stainless steel is used in various applications 
ranging from cooking ware to machinery and automobile parts. 
They have very impressive corrosion resistance in chloride and 
sulphate, and other oxidizing environments. The AISI 304 
stainless steel is annealed in order to enhance its formability. 
Flat 38 mm by 38 mm square specimens were cut from the 
blank stock. The percent compositions of the stainless-steel 
material include 0.015 C, 1.57 Mn, 0.031 P, 0.001 S, 0.41 Si, 
18.18 Cr, 9.06 Ni, 0.35 Mo, 0.56 Cu, 0.04 N, 0.18 Co, with the 
balance being Fe. The mechanical properties provided by the 
manufacturer are shown in Table 1. 
 
Table 1. Mechanical Properties. 
 
Material Properties Value Unit 
Yield Strength 274 MPa 
Tensile Strength 635 MPa 
Elongation 88 Percent 
Hardness 149 HV 
Strain Exponent 0.4  
Poisson Ratio 0.33  
 
2.2. Meso/micro scale hydraulic bulge test set-up and 
procedure.  
 
The formability of materials is often studied by investigating 
the material behavior under biaxial stress conditions resulting 
from hydraulic bulge processes. The hydraulic bulge test set-
up consists of a calibrated pump system from which pressure 
was exerted and measured using a pressure gauge attached to 
the pressure intensifier. A 60-ton Baldwin press was used to 
apply the clamping force through the upper tooling in order to 
hold the work pieces in place against 5 mm diameter hole in the 
lower tooling. The illustration of the die system is as shown in 
Figure 1. The 5-mm circular die used in this study was 
fabricated from D2 tool steel that had been hardened (58 RC). 
The holes were cut by wire EDM at the center of the die. The 
hydraulic bulge test can attain higher plastic strains before 
instability sets in compared to other conventional material 
testing technique such tension test. In addition, the hydraulic 
bulge test also has the advantage in that the strain at the pole of 
the bulge can be determined analytically by accurate 
measurement of the height of the dome and the diameter of the 
die. Previous studies have shown that effective stress can be 
determined using the bulge or dome height during hydraulic 
bulge test [7, 22]. Three samples each were made for each 
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hydraulic forming pressure used for this study. The test 
pressures considered in Psi are 1500, 3000, 4500, 6000 and 
6900 (this is the pressure in the vicinity of burst)  
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic of the hydroforming tooling system 
 
A stepwise technique with respect to pressure was used to 
determine the dome height of the bulge. The workpieces were 
centred on the die and a 20-mm Viton O-ring was positioned in 
the groove within the upper tooling was used to create sealing 
between the upper tooling and the blank. A blank holding force 
was exerted by the press. The pressurized hydraulic fluid flows 
through the upper tooling to the workpieces. The peak pressure 
was measured and recorded during each test using the pressure 
gauge installed on the pressure intensifier. Once the desired 
bulging pressure was attained, the test was stopped, and the 
specimen was removed. The dome height was measured for 
each test using a digital micrometer (Mitutoyo, Japan).  
2.3. Experimental determination of strain.  
 
The determination of thickness along the dome of the 
formed samples was done by cutting the sample in the vicinity 
of the mid plane using a precision machine Isomet 1000 
(Buehler, USA). This prevented the deformation of the 
sectioned face. The sectioned halves were mounted in a clear 
epoxy resin. The mounted samples were grounded using silicon 
oxide abrasive paper (Buehler, USA) grid 320 to 4000, samples 
were subsequently mechanically polished. Axiostech 
compound microscope (Carl Zeiss, USA) was used to enlarge 
the image of the sectioned surface to the magnification of 200X 
as shown in Figure 2. The point of interest for this study in 
indicated by the red ring in Figure 2. The images were captured 
with digital camera D7000 (Nikon, Japan) that was attached to 
the microscope. The digital image captured were analyzed with 
digital image software ImageJ. 
 
 
 
Fig. 2. Cross section of hydroformed specimen 
2.4 Microstructural evaluation.  
 
Microscopic imaging using a JSM 6300F field emission 
scanning electron microscope (JEOL, USA) of a work piece 
that had undergone burst was done in order to examine the 
microscopic detail of the fractured surface in order to 
characterize the nature of deformation. The samples fractured 
at the dome of the samples as indicated by the red ring in Figure 
2 
 
 
Fig. 3. SEM images of fractured surface showing striation 
(green) and crystallographic slip planes (blue). (Olayinka et 
al., 2017) 
 
This is an indication as to the nature of deformation of the 
subject material. The fractured surface of stainless-steel sample 
at failure shown in Fig. 3 shows that the sample’s mode of 
failure is ductile failure. This suggests that material during 
bulge test is under tension through stretching. The blue arrows 
indicate crystallographic slip planes and it shows the direction 
of slip. The presence of striation on the fractured surface are 
indicated by the green arrows.  
 
2.5. Surface roughness.  
 
The samples used for this study are made from annealed 
AISI 304 stainless steel that have been hydroformed at varying 
pressures using a 5-mm diameter die. Each of the samples was 
rinsed with acetone to remove small contaminants that might 
interfere with the scans. The rinsed and degreased samples 
were dried in the air and subsequently wiped using denatured 
spirit. The initial images of the samples were taken at a 
magnification of 50x using a digital microscope (Cool-Tech, 
China). The images are shown in Fig. 4.  
 
  
Fig. 4. Digital microscope image (a) plane (b) 10.34 MPa (c) 20.68 MPa (d) 
44 MPa (50X)  
 
The 3D optical profilometer GTK-17 (Bruker, USA) was 
used to determine the roughness parameters of the sample 
surfaces. The optical profilometer measures 3D surfaces by 
means of white light interferometry. The parameters of the 
optical profilometer are shown in Table 2. The samples were 
positioned carefully on the sample stage of the profilometer in 
order to ensure the surface is in focus. Fig. 5 shows the results 
of the roughness mapping for the “as received” sheet and the 
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hydroformed samples. 
Table 2. Contour GT-X profilometer parameters settings 
 
Parameters Values Unit 
Vertical resolution <0.1  nm 
Lateral resolution 2 μm 
Step height accuracy <0.75 Percent 
Measurement type VXI  
Objective 5x  
Magnification 40  
Measurement area 1 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Roughness map (a) as received surface (b) 10.34 MPa 
(c) 41.37 MPa  
 
Figure 5 shows progression in roughening of the samples as the 
applied hydraulic pressure increases from 0 MPa to 41.37mPa 
 
3. Results and Discussion 
3.1 Bulging test results.  
Fig. 6 shows the power law relationship between the 
pressure and the dome height for stainless steel samples that 
deformed plastically inside a 5 mm hole cavity die under 
hydraulic fluid pressure. The result was obtained by measuring 
the vertical deflection of the sample piece after the selected 
stepwise bulge pressure have been attained. The maximum 
value of pressure attained during the stepwise bulging test was 
44.13 MPa, this pressure is in the vicinity of the burst pressure 
for the bulge test’s 5-mm die diameter. The corresponding 
polar deflection or dome height at this pressure was 1.73 mm.  
The maximum stresses and strains were located at the pole 
of the dome, the localized biaxial stress state at the pole resulted 
in reduction in metal thickness until failure occurred. However, 
in some instances such when as insufficient blank holding 
forces or through instability caused by variations of the cross 
section, failure could be away from the pole. 
 Fig. 6. Plot of forming pressure for various dome heights 
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Fig. 7. Plot of pole thickness for various pressures 
 
The result in Fig. 7 indicates that as the hydraulic pressure and 
the dome height increases the thickness at the pole of the dome 
decrease. This can be reinforced by sample cross-section 
shown in Fig. 2. 
 
3.2 Surface roughness  
Sa is the extension of Ra the average roughness to a surface, 
it is used generally to evaluate surface roughness. Sq represents 
the root mean square value of ordinate values within the 
definition area. It is equivalent to the standard deviation of 
heights. Sa and Sq are the Average Roughness and Root Mean 
Square Roughness are evaluated over the complete 3D surface 
respectively. Sq is typically used to specify optical surfaces and 
Sa is used for machined surfaces. Mathematically, Sa and Sq are 
represented in Equations (1) and  (2) respectively: 
 
         Sa = ∬ |Z(x, y)| ⅆxa ⅆy             (1) 
         Sq = √∬ Z(x, y)2 ⅆxa ⅆy               (2) 
 
Sz is defined as the sum of the largest peak height value and 
the largest pit depth value within the defined area. Ra 
measurements look at the smoothness of a sliding surface and 
Rz measurements look at the surface height. Because using Ra 
alone may cause some points, such as single protrusions, to be 
overlooked it is important that both Sa and Sz be used together. 
Typical applications for Sz may include sealing surfaces and 
coating applications, while, Sv may found application when 
valley depths relating to fluid retention may be of concern such 
as for lubrication and coating systems.’ 
The variation of roughness different parameters and 
effective strain are described in Fig. 8. All the parameters show 
similar trends to increase in strain. The shift in Sa and Sq values 
are identical and with a difference of about 11% between Sa 
and Sq values. The linear relationship between the roughness 
and the strain existed until stress level of 0.45 was reached. At 
this point the roughness parameters experienced a slight 
reduction until the work piece finally failed. This deviation can 
be attributed to the deformation induced thinning of the 
thickness at the vicinity of the pole that is being considered; 
this will create an obstruction to grain rotation thereby leading 
to the stretching of the grain boundaries. However, the results 
for Sz and Sv in Fig. 9 shows that the roughness stayed uniform 
from this point until the material fails. This shows that the 
variation in peaks and valleys at these strains are negligible. 
Also, these changes can be explained on the basis of the Hall-
Petch relationship [23]. Mismatching of grains, especially due 
to the sizing, tends to increase the roughness Sz. That is to say 
that the formation of smaller grains as a result of deformation 
will produces more mismatched points resulting in increases in 
roughness. However, as the thickness continues to decrease, the 
Hall-Petch relation begins to be ineffective in describing the 
stress-grain size relation. At this stage the reverse Hall-Petch 
starts to occur, and the grains begin to increase in size. This 
agrees with other works which submitted that a linear 
relationship exists between strain and roughness. According to 
[17], the smaller grains tend to encourage the roughening of 
surface. From Fig. 7 it can be deduced that as the pressure 
increases in hydraulic bulge tests, the thinning increased, 
especially near the pole of the bulge. In this region, the bulge 
is in state of plane stress and the rotation of grains occurs in this 
region as the stress increases.  
The Ssk shows the degree of symmetry of the surface height 
about the mean plane. It indicates the distribution of peaks or 
valleys on a surface. This parameter describes the asperities of 
a surface hence, it has a direct impact on properties that are 
dependent on contact of surfaces such as interfacial contact 
resistivity. When is Ssk less than 0, it shows that the roughness 
is biased towards the peaks, while Ssk greater than 0 indicates a 
bias towards the valley. The Sku value is a measure of the degree 
of sharpness of the roughness profile. If Sku is less than 3, then 
the surface profile is free of extreme peaks and valleys and 
values of  Sku greater than 3 indicates the presence of numerus 
high peaks and valleys. Mathematically, the Ssk and Sku are 
represented by Equations  (3) and  (4) respectively. 
 
      Ssk =
1
Sq3
∬ 𝑍𝑍(𝑥𝑥, 𝑦𝑦)3 ⅆ𝑥𝑥𝑎𝑎 ⅆ𝑦𝑦                (4) 
      Sku =
1
Sq4
∬ 𝑍𝑍(𝑥𝑥, 𝑦𝑦)4 ⅆ𝑥𝑥𝑎𝑎 ⅆ𝑦𝑦                (5) 
 
Fig. 10 shows the plot of Surface parameters Ssk and Sku. The 
parameter Ssk stays uniform in the vicinity of negative as the 
strain increases and  becomes slightly more negative as the 
work piece approaches failure. This is an indication that the 
number of peaks and valleys on the roughness profile remains 
constant as strain increases to about 0.45 and subsequently as 
strain increases towards failure more valleys were created. This 
observation supports the hypothesis that surface roughening is 
the result of rotation and mismatching of grains because peaks 
created by the mismatch of grains will be accompanied by 
valleys. The changes observed towards failure are associated 
with cold working induced microstructural evolution in the 
form stretching and breaking up of the grain boundaries to form 
smaller grains. The Sku in the vicinity of 3 (Sku = 3) suggests 
that there is symmetry on the roughness profile and the value is 
uniform until close to failure when an increase in is recorded 
which can be attributed to thinning at the pole of the workpiece. 
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Fig. 8. The plot of roughness parameters (Sa and Sq) as a 
function of strain. 
 
Fig. 9. The plot of roughness (Sv and Sz) as a function of the 
strain. 
Fig. 10. Plot of skewness and kurtosis of the surface for various 
strains. 
 
4.0 Summary and Conclusions 
This work evaluated the variations of the surface roughness 
of AISI 304 stainless steel with respect to small macroscale to 
microscale regions of the hydroformed bulges in order to 
characterize the potential functional behavior of metallic 
bipolar plates prior to manufacturing. Hence, a thorough 
description of the surface quality of bulged hydroformed sheet 
metal with respect to local strain provides an avenue for 
integrating a predictive tool for surface roughness through such 
techniques add-on processes for FEA models while designing 
and manufacturing low cost metallic bipolar plates for proton 
exchange membrane fuel cells. The results of this work can be 
summarized as follows:  
 
(i) The roughness (Sa and Sq.) increased with the increase in 
strain while bulging the workpieces. In addition, the 
largest peak height value (Sz) for the area under 
consideration increased with increasing strain while the 
absolute value of deepest pit (Sv) within the defined area 
appears also have increased.  
(ii) This work shows that deformation and induced roughness 
follows a linear relationship both in microscale and 
macroscale. Considering that the area evaluated for this 
work was 2 mm by 2 mm square, the results show a similar 
relationship as the result shown by Olayinka et al. [9] 
where microscale scale areas were evaluated. 
(iii)  As a result of the work piece in the high strain regions, 
such as the pole of the bulge which are not in contact with 
the tooling, the Skewness (Ssk) and the Kurtosis (Sku) of the 
3-D surface texture that defines the degree of symmetry 
and presence of overly high peaks and valleys when 
characterizing the roughness in the workpieces are 
relatively constant with respect to strain resulting from 
hydroforming processes. 
 
From these observations, it can be concluded that some of 
the roughness characteristics of bipolar plates that are a 
function of increased strain will be beneficial to the 
manufacturing and performance of low cost bipolar plates. 
These relationships were demonstrated for AISI 304 stainless 
steel sheet and may be incorporated into manufacturing 
simulations. Furthermore, testing for other materials may be 
useful when considering alternatives to AISI 304.  
Hence, the cost of part rejection due to poor surface finish 
may be reduced which will in turn reduce the cost of producing 
metallic bipolar plates for proton exchange fuel cells. 
Evaluating surface roughness characteristics prior to 
manufacturing tooling will improve the process and tooling 
optimization for sheet hydroforming bipolar plates. Finally, it 
is important to note that while it is desirable to have many 
evenly distributed peaks in the roughness of the formed sheet 
metal which could be beneficial in achieving favorable 
electrical and thermal contact resistance, the resulting 
increased valleys due to increased roughness is detrimental to 
the robustness of metallic bipolar plates in fuel cells. Valleys 
may result localized corrosion such as pitting and crevice 
corrosion as well as disrupt the easy of flow of water, hydrogen, 
and oxygen, thereby resulting in the PEMFC over heating as a 
result of poor water management in the bipolar plates.  
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Fig. 8. The plot of roughness parameters (Sa and Sq) as a 
function of strain. 
 
Fig. 9. The plot of roughness (Sv and Sz) as a function of the 
strain. 
Fig. 10. Plot of skewness and kurtosis of the surface for various 
strains. 
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techniques add-on processes for FEA models while designing 
and manufacturing low cost metallic bipolar plates for proton 
exchange membrane fuel cells. The results of this work can be 
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(i) The roughness (Sa and Sq.) increased with the increase in 
strain while bulging the workpieces. In addition, the 
largest peak height value (Sz) for the area under 
consideration increased with increasing strain while the 
absolute value of deepest pit (Sv) within the defined area 
appears also have increased.  
(ii) This work shows that deformation and induced roughness 
follows a linear relationship both in microscale and 
macroscale. Considering that the area evaluated for this 
work was 2 mm by 2 mm square, the results show a similar 
relationship as the result shown by Olayinka et al. [9] 
where microscale scale areas were evaluated. 
(iii)  As a result of the work piece in the high strain regions, 
such as the pole of the bulge which are not in contact with 
the tooling, the Skewness (Ssk) and the Kurtosis (Sku) of the 
3-D surface texture that defines the degree of symmetry 
and presence of overly high peaks and valleys when 
characterizing the roughness in the workpieces are 
relatively constant with respect to strain resulting from 
hydroforming processes. 
 
From these observations, it can be concluded that some of 
the roughness characteristics of bipolar plates that are a 
function of increased strain will be beneficial to the 
manufacturing and performance of low cost bipolar plates. 
These relationships were demonstrated for AISI 304 stainless 
steel sheet and may be incorporated into manufacturing 
simulations. Furthermore, testing for other materials may be 
useful when considering alternatives to AISI 304.  
Hence, the cost of part rejection due to poor surface finish 
may be reduced which will in turn reduce the cost of producing 
metallic bipolar plates for proton exchange fuel cells. 
Evaluating surface roughness characteristics prior to 
manufacturing tooling will improve the process and tooling 
optimization for sheet hydroforming bipolar plates. Finally, it 
is important to note that while it is desirable to have many 
evenly distributed peaks in the roughness of the formed sheet 
metal which could be beneficial in achieving favorable 
electrical and thermal contact resistance, the resulting 
increased valleys due to increased roughness is detrimental to 
the robustness of metallic bipolar plates in fuel cells. Valleys 
may result localized corrosion such as pitting and crevice 
corrosion as well as disrupt the easy of flow of water, hydrogen, 
and oxygen, thereby resulting in the PEMFC over heating as a 
result of poor water management in the bipolar plates.  
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Therefore, it is important to create a favorable balance 
between the peaks and valleys that characterize the roughness 
of the workpieces resulting from the manufacture of bipolar 
plates. Lastly, the result of the skewness and kurtosis justified 
the use of sheet hydroforming technique for the manufacture of 
low-cost bipolar plate. 
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